Bimetallic nanoparticles are of immense scientific and technological interest given the synergistic properties observed when mixing two different metallic species at the nanoscale. This is particularly prevalent in catalysis, where bimetallic nanoparticles often exhibit improved catalytic activity and durability over their monometallic counterparts. Yet despite intense research efforts, little is understood regarding how to optimize bimetallic surface composition and structure synthetically using rational design principles. Recently, it has been demonstrated that peptide-enabled routes for nanoparticle synthesis result in materials with sequence-dependent catalytic properties, providing an opportunity for rational design through sequence manipulation. In this study, bimetallic PdAu nanoparticles are synthesized with a small set of peptides containing known Pd and Au binding motifs. The resulting nanoparticles were extensively characterized using high-resolution scanning transmission electron microscopy, X-ray absorption spectroscopy and high-energy X-ray diffraction coupled to atomic pair distribution function analysis. Structural information obtained from synchrotron radiation methods were then used to generate model nanoparticle configurations using reverse Monte Carlo simulations, which illustrate sequencedependence in both surface structure and surface composition. Replica exchange solute tempering molecular dynamic simulations were also used to predict the modes of peptide binding on monometallic surfaces, indicating that different sequences bind to the metal interfaces via different mechanisms. As a testbed reaction, electrocatalytic methanol oxidation experiments were performed, wherein differences in catalytic activity are clearly observed in materials with identical bimetallic composition. Taken together, this study indicates that peptides could be used to arrive at bimetallic surfaces with enhanced catalytic properties, which could be leveraged for rational bimetallic nanoparticle design using peptide-enabled approaches.
Introduction
Metallic nanoparticles demonstrate great utility in catalytic applications due to the high surface area to volume ratios inherent to nanoscale materials. Given current energy and environmental challenges, extensive research efforts have focused on the generation of highly active catalytic nanoparticles, particularly for applications concerning alternative energy-based technologies such as (photo)electrochemical fuel cells and biomass refinement processes. 1, 2 Strategies for improving the catalytic activity of metallic nanoparticles involve the optimization of nanoparticle composition, shape, and/or structure, wherein the ability to predictably control the structural motifs present on the nanoparticle surface at the atomic scale will likely advance the discovery of materials with enhanced catalytic properties. Along these lines, the development of bimetallic nanoparticles aims to improve catalytic activity as compared with their corresponding monometallic counterparts by introducing synergistic improvements in catalytic properties arising from unique electronic and geometric effects found in bimetallic nanoparticles. 3, 4 Yet despite increased research efforts focused on bimetallic nanoparticle synthesis, there is a comparatively smaller body of literature focused on understanding bimetallic nanoparticle composition and surface segregation as a function of capping agent-bimetallic interactions during and after synthesis. 5, 6 More commonly, current studies have largely focused on the reorganization of surface atoms during catalysis due to reaction conditions such as applied electrical bias, changes in temperature, and the presence of small molecule reagents and products during catalytic reactions. [7] [8] [9] Such efforts demonstrate the need to elucidate atomic-scale structural evolution during catalysis, but perhaps equally important, illustrate the possibility of synthetically tuning bimetallic surface composition through nanoparticle-ligand interactions. Ligand-induced structural dependences have been previously reported, 5 , 6 yet concise design strategies for achieving controlled bimetallic composition/structure for catalysts optimization have yet to be realized. As such, bimetallic nanocatalysts are often synthesized using trial-anderror approaches that cannot be readily translated across a variety of materials systems.
In order to create new catalytic materials with enhanced properties in a non-Edisonian fashion, rational synthetic strategies are needed that are rooted in the fundamental understanding of atomic-scale structure/function relationships.
An emerging method for nanoparticle synthesis and assembly is the use of biomolecule-directed techniques. 10, 11 Performed under energy-and environmentallyfriendly conditions (aqueous media, ambient temperature and pressure), biomolecules such as DNA, proteins, and peptides have been used to assemble and/or synthesize a wide range of nanoscale materials. [12] [13] [14] [15] [16] [17] [18] [19] [20] In the context of catalysis, peptide-enabled synthetic strategies have been recently used to create nanoparticle catalysts that operate under aqueous conditions and low catalyst loading. 18, 20 Additionally, these materials demonstrate catalytic property modulation that is dependent on the primary sequence of the capping peptide, which is non-covalently (physically) adsorbed onto the nanoparticle surface. [21] [22] [23] Such observations suggest bio-inspired routes can be used to optimize catalytic properties for bimetallic systems, but can only be fully realized if sequencedependent structure/function relationships are better understood. We have recently reported on developing such relationships using atomic-scale structural methods for peptide-capped monometallic catalysts, 24, 25 wherein the presence of strongly-adsorbing residues in the peptide sequence drive formation of disordered catalytic surfaces. Such strategies for monometallic systems are likely adaptable to bimetallic nanoparticles, while also providing a means to modulate surface composition through complex interactions at the biotic/abiotic interface. Examples of peptide-enabled bimetallic nanoparticles are limited, [26] [27] [28] [29] and have not to date explored the possible utility of sequence modification to direct and manipulate the surface composition and/or structural order of the catalyst.
In this contribution, we have created small (~2 nm) PdAu nanoparticles using a set of peptide sequences that incorporate known binding motifs for Pd and Au. These nanoparticles were extensively characterized using high-resolution scanning transmission electron microscopy (HR-STEM), X-ray absorption fine-structure spectroscopy (XAFS), and high-energy X-ray diffraction (HE-XRD) coupled to atomic pair distribution function (PDF) analysis. Modeling of XAFS and atomic PDF datasets provide structural information over varying length scales to generate experimentally-derived nanoparticle configurations, which were found to exhibit sequence-dependent Pd surface segregation.
To assess sequence-dependent structure/function relationships, electrochemical methanol oxidation was performed as a model reaction. In addition, state-of-the-art replica exchange with solute tempering 30, 31 molecular dynamics (REST-MD) simulations were performed at peptide-monometallic (Pd 0 and Au 0 ) interfaces to elucidate the atomic-scale phenomena that drive the peptide-induced phase separations in bimetallic nanoparticles.
Overall, our findings demonstrate the capability to control surface composition and structural order in bimetallic nanoparticles via the choice of peptide sequence, potentially leading to new approaches to rationally optimize catalytic properties through predictable manipulation of biotic/abiotic interactions at the bimetallic nanoparticle surface.
Results and Discussion
To evaluate the capability of exploiting interactions at the biotic/abiotic interface as a means to control bimetallic nanoparticle surface composition and structural order, a set of peptide-enabled PdAu nanoparticles were synthesized. PdAu was chosen as a model system given the comparatively large amount of literature on peptide-Pd/Au interactions [23] [24] [25] [32] [33] [34] and the well-established catalytic property enhancements observed in PdAu alloys. 26, 35 The Pd4 peptide (TSNAVHPTLRHL), derived from M13 phage display experiments on bulk polycrystalline Pd, 18 has been suggested to non-covalently bind to Pd through the histidine residues at the 6 and 11 positions in the peptide. 32 Further sequence modifications in Pd4 at the 6 and 11 positions with alanine and/or cysteine yield differences in catalytic properties, 22, 23 which we recently discovered was attributed to sequence-driven surface disorder in Pd. 24 Similarly, the AuBP1 peptide (WAGAKRLVLRRE), discovered by FliTrx selection methods on Au surfaces, 36 has been extensively studied with using both computational and experimental methods. Using the AuBP1, Pd4, and H1 sequences, PdAu nanoparticles were synthesized using an adapted method for peptide-capped Au nanoparticles (see the experimental section for more details). 21 PdAu nanoparticles were synthesized at 3:1, 1:1, and 1:3
Pd:Au ratios, along with pure monometallic Au and Pd nanoparticles. STEM images show nanoparticle ~2 nm in size were synthesized for all bimetallic ratios and peptides, as highlighted for 1:3 Pd:Au nanoparticles capped with the AuBP1 peptide in Figure 1 (see Figure S1 -S3, for images for each nanoparticle). AuBP1 capped 1:3 Pd:Au nanoparticles are 2.1 ± 0.9 nm in size ( Figure 1a & 1b) , and demonstrate ordered domains in high-angle annular dark field-STEM (HAADF-STEM) imaging. While such results would suggest nanocrystalline order, we stress that HAADF-STEM imaging is a 2D
representation of a 3D nanoparticle structure and only reveal crystalline order in the core of the nanoparticle and not surface structure. Indeed, our previous HR-TEM work on peptide-capped Pd nanoparticles show atomic order in the core of the nanoparticles, but the images could not be used to glean structural information on the nanoparticle surface. 24 For sizing aspect ratio analysis on all bimetallic nanoparticles, see Table S1 . STEM energy dispersive x-ray spectroscopy (STEM-EDS) elemental mapping was performed Figure 1f ) is more diffuse in nature and spread over a larger area than the Au for each particle. Such an arrangement of EDS intensities suggests that Pd resides predominantly on the surface of the nanoparticles in these materials, although emphatic evidence based solely on EDS mapping is hard to ascertain for nanoparticles of this size. In addition, the EDS signal from Pd and Au is uniform across all nanoparticles, qualitatively indicating a lack of chemical segregation in the nanoparticles.
Synchrotron radiation characterization methods were implemented to understand the influence of peptide sequence on the resulting structure of the peptide-capped nanoparticles. First, we used XAFS to probe local structure and chemistry in an element specific fashion. XAFS is an established method for understanding local bimetallic nanoparticle structure through the identification of metal-metal coordination numbers (CNs). 38 In this instance, XAFS experiments around the Pd K-edge and Au L 3 -edge can provide Pd-Pd, Pd-Au, Au-Pd, and Au-Au CNs that are paramount in understanding the influence of peptide sequence on local atomic-scale bimetallic arrangements. X-ray energies were scanned from 200 eV below to 900 eV above each element's absorption edge ( Figure S4 ). The X-ray absorption near-edge structure (XANES) spectra around the After background subtraction and edge-step normalization, the extended XAFS (EXAFS) data were converted to k-space and Table 2 ). Pd4-capped PdAu nanoparticles exhibit CN trends that that deviate somewhat from linearity as well. The sum of Au-Au and Au-Pd CNs are approaching 9 or higher, which is close to the theoretical CN for monometallic nanoparticles of this size. 42 This suggests that the Au largely segregated into the core of the nanoparticles. It is important to note that the errors associated with CN calculations are largely contributed to the highly disordered nature of these nanoparticles, 44 as indicated by atomic PDF analysis and subsequent RMC modeling (see below). Taken together, the XAFS analysis clearly suggests PdAu phase separation in the peptidecapped PdAu nanoparticles which is influenced by the capping peptide.
While XAFS can provide detailed local structural information on bimetallic nanoparticle arrangements, structural information past the nearest neighbor coordination distances is challenging to obtain. The elucidation of atomic-scale structural information at larger distances is critical to assess sequence-dependent structure/function relationships, particularly for materials that may exhibit local variation in composition. As such, atomic PDF analysis of HE-XRD patterns was used to elucidate atomic-scale structural information over the length scale of the nanoparticles. Atomic PDFs are obtained via the Fourier transform of HE-XRD patterns, providing sub-Angstrom structural data in terms of atomic pair distances over comparatively large distances (> 20 Å). 45 Both Bragg and diffuse components of the HE-XRD pattern are considered, making this an optimal method to elucidate the atomic-scale structure of materials lacking long-range periodic order, such as nanomaterials. 24, 45 HE-XRD patterns ( Figure S10 ) were taken on lyophilized powders using 115 keV irradiation, converted into total structure functions (F(Q)) ( Figure S11 ) and Fourier transformed into atomic PDFs. Atomic pair distances are described in terms of relative atomic density in PDF analysis, where atomic PDF, G(r)
, exhibit peaks when the local atomic density (ρ(r)) is higher than the average atomic density (ρ 0 ). The PDFs oscillate to zero once the local and average atomic densities are equal, indicating the distance where long-range order is absent. exhibits peptide-dependent differences in relative peak intensity, peak broadening, and peak position at various length scales, signifying that nanoscale composition and structure is directly influenced by the capping peptide. 48 and is repeated until the RMC generated PDF converges to the experimental PDF. As shown in Figure 3 (red lines), RMC generated PDF fit the experimental data reasonably well, with agreement factors (R w ) all below 15%, providing experimentally accurate nanoparticle configurations. Pd/Au interface. 33 Though fundamentally informative, the sharp interface between the Au and Pd stripes used in that study does not resemble the alloyed or core-shell structures observed in the PdAu nanoparticles described in the current study.
One of the major reasons for the lack of published simulation data regarding adsorption of peptides at bimetallic aqueous interfaces is the complete lack of reliable FFs to describe the interaction of biomolecules at aqueous bimetallic interfaces consisting of random or layered (mimicking core-shell) arrangements of atoms. This is in stark contrast with the case for monometallic/peptide force-fields, which are relatively more mature in terms of development and validation. 31, [52] [53] [54] We emphasize that merely mixing the known force-field parameters for Au and Pd surfaces, without extensive testing and validation steps, will likely produce incorrect and misleading data for peptide adsorption.
Therefore, as a conservative measure and as a prelude to substantial future efforts to construct and test such FFs, we used REST-MD simulations to model each of the three peptides adsorbed at either of the two monometallic aqueous interfaces, Au(111) and Pd(111). In our previously published study, we showed that the binding modes of peptides adsorbed at the aqueous planar Au interface shared a strong degree of similarity with the corresponding binding modes at the aqueous Au nanoparticle interface, as quantified by several metrics. 25 Therefore, it is highly likely that our current REST-MD simulations of peptides adsorbed at the aqueous Au/Pd(111) interfaces are reflective of the both the principal contact modes (i.e. the number, location and type of "strong binding" residues) and the conformational entropic contributions of these same peptide sequences adsorbed at the corresponding aqueous nanoparticle interface.
Our objective with these simulations was to predict and quantify the differences between the adsorbed conformational ensembles of the peptides, and to investigate the connections between these data and the sequence-dependent enrichment phenomena observed in experiment. As our findings summarized herein demonstrate, the surface adsorption characteristics of each of the three peptide sequences at the aqueous Au(111)
interface was found to be very similar to that at the aqueous Pd(111) interface. This suggests that the peptide-surface binding motif for each of the three peptides will broadly share a high degree of similarity over all Pd:Au ratios. Figure 5 shows the degree of direct contact that each residue had with the metal surface for each of the three peptides, calculated from our REST-MD simulation trajectories (percentage values are provided in Table S3 ). These data demonstrate that the general contact pattern for each of the three peptides is very similar across the two different metal surfaces. AuBP1 had seven and eight residues that are in direct contact with the Au(111) and Pd(111) interfaces respectively for more than 75% of the REST trajectories. Herein, we denote such residues as "anchor" residues. Moreover, these anchor residues were distributed throughout the length of the AuBP1 sequence ( Figure 5 ).
In contrast, Pd4 has on average only two anchor residues, located near each of the chain ends. In the case of H1, the contact pattern appears to be a blend of the contact characteristics of the two parent peptides, with six and five residues acting as anchors on Au(111) and Pd(111), respectively. In previous simulation studies regarding the adsorption of peptides at the aqueous Au(111) interface, 25 it was possible to generate a measure of the degree to which enthalpic contributions played a role in peptide-surface binding by first identifying which residues were anchors, and subsequently combining this information with the energy of adsorption of the amino-acid corresponding to each anchor residue. However, we cannot apply such an analysis to the Pd(111) system, because the adsorption energies of amino-acids to the Pd(111) interface have not been reported to date. Because of this limitation, here we instead used the number of anchor residues as a qualitative measure of relative enthalpic contributions to peptide-surface adsorption, with these data indicating a trend in binding strength of AuBP1 > H1 > Pd4.
Representative snapshots of the peptides adsorbed at the aqueous metallic interfaces, highlighting the contact between the surface and the anchor residues (such as Arg, Trp and His), are provided in Figure S16 of the Supporting Information. These images, along with histograms (generated from the entire REST-MD trajectories) of the orientation of the plane of the rings, or in the case of Arg, the guanidinium group, indicate that in most instances these groups were, on average, oriented approximately flat on the Au surface (see Figure S17 , Supporting Information).
The number and relative population of distinct conformations of the peptide in the surface-adsorbed state are factors in determining the binding strength of a peptide for a given material. 37 For instance, a greater number of distinct surface-adsorbed conformations of a peptide means that there are a greater number of basins on the potential energy landscape corresponding with this adsorbed system. This in turn can contribute to a stronger peptide-material affinity. Each distinct conformation can be obtained from a clustering analysis, whereby "like structures" can be grouped together (see the Supporting Information and previous studies 25, 34, 37, 53 for more details on this procedure). Herein we refer to each "like structure" as a "cluster". As detailed in earlier studies, the conformational entropic contribution of the adsorbed peptides, S conf , can be calculated from:
where p i is the relative population of each cluster and n is the total number of clusters, as determined for each REST-MD trajectory. This conformational entropic contribution to the binding of the peptides on the two different surfaces is given in Table 3 , and the relative populations of the top-ten most populated clusters is provided in Table S4 . As found with the residue-surface contact data, the three peptide sequences show very similar trends across the two surfaces. Specifically, differences in S conf between the two metals were less than 0.1. However, the values of S conf for the three peptides adsorbed on each metal surface are distinctly different. The number of clusters was greatest for Pd4, followed by H1, with AuBP1 having the least number of clusters.
These results are in agreement with findings from previously-published simulations of AuBP1 and Pd4 adsorbed at the aqueous Au(111) interface 37 generated using the GolP-CHARMM FF, 53 where it was found that AuBP1 was a primarily an enthalpically-driven binder (i.e. AuBP1 supported a relatively smaller number of adsorbed conformations, with each conformation making strong contact with the Au surface through a relatively high proportion of anchor residues). These studies also found Pd4 to be an entropically-driven binder; this sequence featured a large number of adsorbed conformations, where each conformation has relatively fewer anchor residues.
Our predictions of the intrinsically-disordered traits of the conformational ensemble for these peptides adsorbed when at the aqueous Au interface agree with previously-reported circular dichroism (CD) spectroscopy data. 21 While further structural information, such as from nuclear magnetic resonance, Raman, or Fourier-transform infrared spectroscopies, would be valuable, the random-coil character of these peptides in the adsorbed state renders this an extremely challenging task in itself. [55] [56] [57] Our results in the present study show that this characterization is also true for the aqueous Pd(111) interface. Again, the hybrid sequence H1 displays characteristics between those of the two parent peptides. By comparing the trend in the conformational entropic contribution to adsorption with the degree of Pd surface segregation seen in the AuPd nanoparticles for each peptide, we note that the order is the same (Pd4 > H1 > AuBP1), and is the inverse of that observed for the enthalpic contribution, namely the number of anchor residues. Thus, on the basis of the peptides sequences tested here, our findings indicate that use of entropically-driven peptide sequences might facilitate the generation of core-shell AuPd particles peptides. Encouragingly, the somewhat subtle differences observed via the PDF functions for the enrichment of Pd atoms on the bimetallic nanoparticle surface are reflected by similar differences seen for the adsorption modes of our three peptides on the Au and Pd surfaces. Future efforts will be directed at developing genuine peptide/bimetallic force-fields, which can be used to predict the structure of the bimetallic-nanoparticle/peptide aqueous interface. In principle these structures could be used as a basis for first-principles calculations of the electrocatalytic properties of these systems and thus make conceptual links between the peptide sequence and the resulting electrocatalytic response. However, in practice this goal remains elusive, due to the ongoing challenges in fully realizing a first-principles electrochemical approach. 58 The highly disordered nanoparticle surfaces and Pd surface segregation observed in the peptide-capped PdAu nanoparticles suggests that peptides could be used to potentially tune surface disorder 24, 25 and surface composition. Two significant driving forces behind bimetallic miscibility are cohesive energy and surface energy. 7 despite bimetallic nanoparticles of this size commonly resulting in alloyed materials to due to lack of metal atom diffusion length. 7 The Pd surface biasing observed in the peptide-capped Pd nanoparticles is thus heavily influenced by the interactions between the peptide and the bimetallic nanoparticles. Pd surface segregation has been observed previously using traditional one-pot nanoparticle synthesis chemistries, 62, 63 which is likely driven by surface interactions occurring during nanoparticle synthesis. Note that interactions between the peptides and precursors may affect metal reduction and bimetallic miscibility, 5, 24, [64] [65] [66] [67] and will be the subject of future study to obtain a more complete understanding between synthesis, the driving forces behind bimetallic miscibility, and bimetallic/biotic surface interactions. Nevertheless, the lack of modularity and complexity of commonly employed surface ligands limits surface segregation engineering, wherein peptides may provide a means to rationally design bimetallic nanoparticle surfaces. migrate to the surface. 73 This was attributed to competing lattice strain and electronic effects, wherein lattice strain increases Pd adsorbate bonding strength while electronic effects results in d-orbital electron density decreases in Pd, which decreased adsorbate bonding in Pd. 73, 77 Maximum catalytic activity is likely achieved at an optimal PdAu surface composition/structure, where adsorbate bonding is neither too high to prevent catalytic turnovers nor too low to initiate catalysis. In the peptide-capped bimetallic nanoparticles, an increase in Pd:Au ratio is noted at the surface compared to the bulk, particularly for Pd4 and H1 capped nanoparticles. Changes to the surface composition likely occur depending on the nature of the peptide at the biotic/abiotic interface, and may be more pronouced than those observed by Brodsky et al. 73 given that our particle size is much smaller (~ 2 nm vs. ~ 30 nm). As such, we attribute increases in catalytic activity found in Pd4, and to a lesser extend, AuBP1-capped nanoparticles to the capping peptides ability to effectively resist an undesirable amount of Au surface migration that would reduce catalytic activity. In addtion, the capping peptide orientation on the nanoparticle surface may additionally prevent methanol oxidation by blocking highly catalytic sites. Substantial changes in catalyic activity with repeated cycling were not observed, and thus we expect the capping-peptide is still present during methanol oxidation experimentation. While surface ligand removal is commonly observed in many metallic and bimetallic nanoparticle systems during CV experiments, typical surface ligands are not material specific. Peptides, on the only hand, have an inherently high affinity for material surfaces as they are discovered via biocombinatorial process, often selected out of 10 9 potential binding ligands. Taking these considerations into account, it is clear that the capping peptide has a profound effect on the catalytic activity for nanoparticles with identical bimetallic composition. Understanding structural changes during electrocatalysts using in-situ XAFS and HE-XRD would provide additional insights to sequence-dependent catalytic activities, and is the subject of future reports.
Conclusions
In summary, PdAu bimetallic nanoparticles were synthesized using known Pd and Au binding peptides, along with a hybrid sequence exhibiting established binding motifs for both Pd and Au. The resulting nanoparticles were ~ 2 nm in size at all bimetallic ratios and indicate a surface enrichment of Pd, likely attributed to strong Pd-peptide interactions dependent on peptide sequence. The catalytic properties of the nanoparticles were evaluated for electrochemical methanol oxidation under alkaline conditions, wherein catalytic activity is clearly influenced by the capping-peptide for materials with identical bimetallic composition. Our findings demonstrate the promising capability of peptides to influence bimetallic surface composition and structure, potentially providing a means to rationally design peptide-enabled bimetallic nanoparticles. A more comprehensive elucidation of the sequent-dependent structure/function relationships of these systems will be needed in the future to realize this goal.
Experimental
Nanoparticle synthesis. PdAu nanoparticles were synthesized using an adapted procedure for peptide-capped Au nanoparticles. 21 Briefly, 500 µL of a 1.0 mM solution of peptide was added to 4.46 mL of water. All three peptides (AuBP1, H1 and Pd4; see Table 1) were purchased from Peptide 2.0 at 95% purity. A total of 10 µL of 0.1 M of K 2 PdCl 4
and/or HAuCl 4 (Sigma Aldrich) to was added to this solution to the desired Pd:Au ratio. REST-MD simulations of each of the three peptide sequences (Pd4, AuBP1 and H1, see Table 1 ) adsorbed at either the aqueous Au(111) interface or the aqueous Pd (111) interface were performed. Three-dimensional periodic boundary conditions were used throughout. Each system comprised a single peptide chain, a metallic slab (presenting either the Au(111) or Pd(111) facet) constructed as a p(20×24) supercell, with a slab thickness of five atomic layers. During the simulations the metal atoms were free to move. A total of 6605 water molecules were added to the inter-slab space perpendicular to the slab surface, and the length of the simulation cell was adjusted along this direction to ensure that liquid water in the center of the inter-slab space exhibited the bulk water density corresponding to room temperature and 1 atm of pressure. An appropriate number of Cl -counter-ions were added to the solvent to ensure overall charge neutrality of the simulation cell. All REST-MD simulations were performed using the GROMACS v5.0 software package. 84 The CHARM22* force-field (FF) 85, 86 was used to described the peptides, with water molecules modeled using the modified version of TIP3P 87, 88 compatible for the CHARMM FFs. A modified version 25 of the CHARMM-METAL FF 52 was used to describe the inter-atomic interactions involving the Au atoms. In general, in molecular simulation a compromise must be made between the level of detail at which the interatomic interactions are described and the time-scales and length-scales that can be feasibly captured in that simulation. As mentioned earlier, the intrinsically-disordered character of these peptides presents a significant challenge in terms of satisfying a high degree of conformational sampling using molecular simulations. The time-scales and length-scales required for this thorough sampling of this interfacial conformational ensemble renders a quantum mechanical approach impractical. To this end, we have modeled the interatomic interactions using well-established force fields. 25 The simulations were performed in the canonical (NVT) ensemble using 16 replicas, spanning an "effective temperature" window of 300-500 K. Additional information on the simulations details, the contact residue analysis and cluster analysis is provided in Section S3 "Simulation Details", in the Supporting Information.
Electrocatalysis.
All peptide-capped nanoparticle samples were evaluated for electrocatalytic methanol oxidation under alkaline conditions using cyclic voltammetry Au. 91, 92 For comparison purposes Pd/C (Sigma) was investigated using identical preparation.
Supporting Information
The Supporting Information is available free of charge on the ACS Publications website at DOI: 10.1021/acsnano.XXXXXXX, which includes synthesis details of the ionomer used in this study, REST-MD simulation details and corresponding results, HR-TEM images of all nanoparticles used in this study, raw data from all synchrotron radiation experimentation, cross sections of RMC-generation bimetallic nanoparticles, and electrocatalytic data from peptide-capped monometallic nanoparticles. Table 3 . The number of anchor residues and conformational entropic contributions, S conf, of the peptides adsorbed at the aqueous Au(111) and Pd(111) interfaces, determined from the REST-MD simulations. For comparison, the percentage of surface Pd atoms derived from RMC simulations of atomic PDF and EXAFS modeling results are also provided.
